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Abstract 

Epitaxial  layers  of  Gai_xMnrN  with  concentrations  of  up  to  x  =  0.015  have 
been  grown  on  c-sapphire  substrates  by  metalorganic  chemical  vapour 
deposition.  No  ferromagnetic  second  phases  were  detected  via 
high-resolution  x-ray  diffraction.  Crystalline  quality  and  surface  structure 
were  measured  by  x-ray  diffraction  and  atomic  force  microscopy, 
respectively.  No  significant  deterioration  in  crystal  quality  and  no  increase 
in  surface  roughness  with  the  incorporation  of  Mn  were  detected.  Optical 
measurements  show  a  broad  emission  band  attributed  to  a  Mn-related 
transition  at  3.0  eV  that  is  not  seen  in  the  underlying  GaN  virtual  substrate 
layers.  Room  temperature  ferromagnetic  hysteresis  has  been  observed  in 
these  samples,  which  may  be  due  to  either  Mn-clustering  on  the  atomic  scale 
or  the  Ga|  tMnAN  bulk  alloy. 


1.  Introduction 

The  field  of  spintronics  seeks  to  exploit  both  the  electron  spin 
and  its  charge  in  order  to  introduce  an  additional  degree  of 
freedom  to  the  next  generation  of  electronic  devices.  Diluted 
magnetic  semiconductors  (DMS)  have  attracted  considerable 
interest  as  materials  that  can  support  the  transport  and  storage 
of  spin,  and  that  can  be  integrated  into  existing  electronic 
and  optoelectronic  devices.  Traditional  III-V  ferromagnetic 
DMS,  such  as  Gai  _  vMn,  As,  suffer  from  the  limitation  that  they 
only  retain  their  ferromagnetism  at  cryogenic  temperatures 
(<170  K),  which  precludes  their  practical  use  in  room 
temperature  devices.  Subsequent  predictions  using  the  Zener 


mean-field  model  of  ferromagnetism  [1]  predicted  that  room 
temperature  (RT)  ferromagnetism  might  be  achieved  in  p-type 
III-V  and  II- VI  materials  with  lower  spin-orbit  couplings 
and  shorter  bond  lengths.  GaN  and  ZnO  doped  with  Mn  or 
other  transition  metals  are  such  materials,  but  it  is  necessary 
to  maintain  high  (>1020  cm-3)  hole  concentrations  [1].  This 
theory,  however,  has  not  been  able  to  fully  explain  the  observed 
ferromagnetism  in  the  wide  bandgap  materials,  nor  has  a  wide 
bandgap  material  been  produced  with  the  properties  required 
by  the  mean-field  model  for  RT  ferromagnetism.  Subsequent 
theories  for  the  ferromagnetism  have  been  developed  based 
on  Mn  clusters  [2,  3]  which  do  not  necessarily  require  the 
presence  of  free  carriers.  Additional  calculations  suggest  that 
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a  double  exchange  mechanism  may  be  suitable  for  stabilizing 
the  ferromagnetic  state  in  Gai_vMnvN  [4].  Other  ah  initio 
density  functional  theory  calculations  of  the  band  structure  of 
Gai_jMnTN  predict  the  formation  of  a  Mu  impurity-related 
sub-band  in  the  bandgap  [5]  that  could  also  be  related  to 
the  ferromagnetism  in  these  materials.  Understanding  the 
inherent  mechanism  in  these  materials  is  crucial  for  future 
device  applications. 

Recently,  considerable  effort  has  been  devoted  to 
producing  Gai_AMnAN  that  is  ferromagnetic  at  RT.  Several 
groups  have  reported  ferromagnetism  in  Ga]_vMnvN  produced 
by  a  number  of  different  methods,  including  post-growth 
diffusion  [6],  ion  implantation  [7]  and  molecular  beam  epitaxy 
(MBE)  [8,  9],  with  Curie  temperatures  (7c)  up  to  940  K 
[9],  depending  on  growth  conditions.  There  are  limited 
reports  involving  Mn  incorporation  into  GaN  films  grown 
by  metalorganic  chemical  vapour  deposition  (MOCVD)  at 
dopant  concentration  levels  [10],  The  magnetic  properties  of 
MOCVD-grown  Gai_vMn,N  with  manganese  concentrations 
necessary  for  DMS  behaviour  are  largely  unexplored  in 
the  literature.  RT  ferromagnetism  in  Gai_AMnAN  is  still 
controversial,  as  the  materials  are  insulating  and  do  not  exhibit 
magnetic  circular  dichroism  [11],  which  is  an  indicator  of 
mean-field  DMS  behaviour  in  Gai_vMn,As.  In  addition, 
second  phases  such  as  GaMn  or  M^N  have  been  observed 
through  transmission  electron  microscopy  (TEM)  and  x-ray 
diffraction  (XRD)  in  heavily-doped  samples  produced  by 
MBE  [12,  13].  These  phases  are  sometimes  attributed 
as  the  sole  source  of  ferromagnetism  in  these  materials. 
Furthermore,  there  is  little  evidence  at  this  time  to  support 
the  conclusion  that  the  currently  produced  RT  ferromagnetic 
films  of  Ga!_AMnAN  have  any  coupling  between  the  free 
carrier  concentration  (either  in  the  valence  or  in  the  conduction 
band)  and  the  magnetic  centres,  which  would  be  required  for 
practical  spintronic  applications. 

Since  MOCVD  is  generally  regarded  as  the  optimal 
technique  for  the  growth  of  high  quality  Ill-nitrides,  it  is 
desirable  to  be  able  to  produce  ferromagnetic  Gai_AMnAN 
by  this  method.  In  this  work,  the  MOCVD  growth  of 
Gai_AMnAN  films  and  the  investigations  on  the  structural, 
magnetic  and  optical  properties  are  reported.  A  homogeneous 
depth  distribution  of  Mn  in  the  epilayers  was  confirmed  via 
SIMS.  Room  temperature  magnetic  hysteresis  was  observed 
in  samples  with  Mn  concentrations  as  low  as  1%.  Manganese- 
related  optical  transitions  were  seen  near  3.0  eV. 

2.  Experimental  procedure 

The  growth  was  performed  in  a  specially  modified  Veeco 
Discovery  series  D-125  GaN  MOCVD  tool  with  a  vertical 
injection  system  into  a  short  jar  confined-inlet  design  using 
multiple  switching  injection  blocks  to  minimize  gas  phase 
pre-reactions.  Initially,  undoped  1-2  /cm  thick  MOCVD- 
grown  GaN  epilayers  were  used  as  templates  on  which  to 
grow  Gai_vMnvN  epilayers.  Trimethyl  gallium  and  ammonia 
were  used  as  a  source  of  gallium  and  nitrogen,  while  bis- 
cyclopentyldienyl  manganese  (Cp^Mn)  was  used  to  dope  the 
epilayers  with  manganese.  A  series  of  systemic  runs  were 
carried  out  at  different  temperatures  ranging  from  900  °C  to 
1050  °C  and  V /III  ratios  from  800  to  1 100  to  narrow  down  the 


optimum  growth  conditions  to  grow  epilayers  without  phase 
segregation.  Different  Mn  doping  levels  were  achieved  by 
changing  the  molar  flow  of  Mn  going  into  the  reactor  or  by 
reducing  the  molar  concentration  of  Ga  to  better  control  the  Mn 
incorporation  at  different  growth  rates.  A  systematic  growth 
study  of  the  growth  of  Gai_AMnAN  to  better  understand  the 
incorporation  of  Mn  at  higher  concentrations  than  those  used 
in  this  work  will  be  reported  elsewhere. 

Five  Gai_vMnvN  films  are  described  here,  (A:  300  nm, 
x  =  0.003;  B:  300  nm,  x  =  0.005;  C:  1000  nm,  *  =  0.01; 
D:  1000  nm,  x  =  0.012;  E:  1200  nm,  jf  =  0.015).  To  provide 
a  standard  for  comparison,  samples  of  MOCVD-grown  p-type 
(p  =  2  x  1016  cm-3)  and  intrinsic  GaN  were  ion-implanted 
with  Mn  concentrations  of  3  x  1016  cm-2  at  an  energy  of 
200  keV  and  a  substrate  temperature  of  400  °C.  In  order  to 
remove  the  implantation  damage,  samples  were  subsequently 
annealed  by  rapid  thermal  annealing  (RTA).  The  samples  were 
placed  face-down  on  GaN  templates  in  a  flowing  nitrogen 
atmosphere  at  temperatures  ranging  from  700  °C  to  900  °C 
for  4  min.  Crystalline  quality  and  phase  purity  were 
determined  by  high-resolution  XRD  using  a  Philips  X '  Pert 
Pro  MRD  diffractometer.  Atomic  force  microscopy  (AFM) 
was  performed  using  a  PSIA  XE-100.  Magnetic  properties 
were  analysed  using  a  Quantum  Design  MPMS  5S  SQUID 
magnetometer  at  temperatures  from  5  to  300  K.  Secondary 
ion  mass  spectroscopy  (SIMS)  depth  profiles  were  performed 
on  the  samples  using  an  Atomika  Instruments  Ionmicroprobe 
A-DIDA  3000.  Room  temperature  photoluminescence  (PL) 
was  performed  using  a  frequency-doubled  Ti:Sa  laser  at 
356.5  nm  as  an  excitation  source.  Optical  transmission 
experiments  were  performed  using  a  75  W  XBO  lamp. 

3.  Results  and  discussion 

The  as-grown  Gai_vMnvN  films  were  specular  but  had  a 
distinct  reddish-brown  tinge,  consistent  with  substitutional 
Mn  transitions  in  GaN  films  and  crystals  produced  by  other 
methods  [14].  AFM  indicated  a  2D  step  flow  growth  mode 
with  a  surface  roughness  of  3.78  A  in  the  most  heavily  doped 
film,  which  is  close  to  that  from  the  as-grown  template  layer 
of  3.30  A.  A  co-29  high-resolution  XRD  scan  from  20°  to 
60°  is  shown  in  figure  1;  no  macroscopic  second  phases  are 
visible  where  the  major  peaks  of  the  impurity  phases  have 
been  previously  observed  [13,  15].  In  addition,  no  noticeable 
shift  in  the  lattice  parameter  is  detected  for  these  samples  at 
low  (<2%)  Mn  concentrations.  The  full  width  half  maximum 
(FWHM)  values  of  the  co-28  scan  for  sample  B  were  (002): 
150  arcsec  and  (102):  522  arcsec,  which  are  close  to  those  of 
the  GaN  virtual  substrate  (179  and  518  arcsec,  respectively). 
No  secondary  phases  are  observed  in  the  as-grown  samples  up 
to  doping  levels  of  approximately  2%. 

Depth  profiles  of  two  thin  Gai_AMnAN  epilayer  samples 
(A  and  B)  recorded  by  SIMS  are  shown  in  figure  2.  For  the 
sake  of  comparison,  the  measured  depth  profile  of  a  Mn+  ion 
implanted  sample  with  an  implantation  dose  of  3  x  1016  cm-2 
at  200  keV  is  depicted.  In  contrast  to  the  implanted 
samples,  a  uniform  Mn  concentration  with  depth  is  confirmed 
for  the  MOCVD  grown  samples.  The  Mn  concentrations 
obtained  from  the  spectra  in  figure  2  are  x  =  0.003  and  x  = 
0.005  for  samples  A  and  B,  respectively.  The  layer  thicknesses 
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Figure  1.  29-a>  XRD  diffraction  scan  of  Gai_xMnrN  sample  D  (x  = 
0.012)  from  20° -60°  showing  no  second  phase  formation  in  the 
MOCVD-grown  films. 


Figure  2.  SIMS  profile  for  Mn-55  of  implanted  and 
MOCVD-grown  Gai_vMnvN  samples  A  (x  =  0.003)  and  B  (x  = 
0.005).  In  the  MOCVD-grown  films,  a  uniform  depth  distribution  of 
Mn  is  seen  in  the  layers. 

determined  by  SIMS  are  250  nm  and  300  nm  respectively, 
matching  those  derived  from  the  in  situ  reflectometry  during 
the  growth.  For  samples  C,  D  and  E,  SIMS  yielded 
concentrations  of  x  =  0.01,  x  =  0.012  and  x  =  0.015 
respectively,  though  exact  quantification  via  SIMS  in  these 
samples  is  difficult  due  to  the  high  lattice  concentrations  of 
the  Mn. 

Optical  studies  are  essential  to  examine  possible  defect 
states  and  formation  of  impurity  bands  from  the  introduction  of 
manganese,  as  the  lattice-site  incorporation  of  Mn  is  essential 
for  the  development  and  application  of  these  materials.  Further 
information  about  the  Mn  incoiporation  is  obtained  by  optical 
spectroscopy  and  comparison  with  the  extensive  studies  in 
the  literature.  Figure  3  shows  the  photoluminescence  (PL) 
behaviour  of  the  thicker,  more  heavily  doped  sample  C 
both  before  and  after  annealing.  In  this  sample,  the  most 
prominent  feature  is  the  blue  emission  band  around  3.0  eV 
which  is  also  reported  in  both  ion-implanted  and  MBE-grown 
Gai_jMn,N.  Transitions  from  conduction  band  electrons  to 
Mn-related  states  and  from  shallow  donor  (e.g.,  N  vacancy) 
to  Mn  acceptor  states  are  assigned  to  cause  these  emission 
bands  in  the  respective  spectral  range,  as  has  been  previously 
suggested  [7, 16-18],  Peak  energies  reported  for  this  emission 
band  range  from  2.90  eV  [7]  through  3.08  eV  [19]  at  room 
temperature.  Lifetime  measurements  suggest  similarity  to  the 
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Figure  3.  Photoluminescence  spectra  from  MOCVD  grown  and 
implanted  Ga^-MnjN  samples.  A  Mn-related  transition  occurs  at 
~3.0  eV,  while  the  other  transitions  such  as  the  yellow 
luminescence  (YL)  and  the  low-energy  tail  of  the  blue  luminescence 
band  (BL)  can  also  be  found  in  the  template  layer.  The  latter 
emissions  are  assigned  either  to  crystalline  defects  (e.g.,  Ga 
vacancies)  in  the  case  of  the  YL  or  donor-acceptor  transitions  (BL) 
typically  seen  in  compensated  p-doped  GaN. 

respective  band  observed  for  compensated  GaN:Mg,  where 
different  defect  bands  involving  spatially  indirect  transitions 
were  resolved  to  contribute  to  the  blue  emission  band  [20]. 
Following  the  annealing  process,  the  dominate  feature  (yellow 
band  emission)  in  these  spectra  is  commonly  attributed  to 
defect  centres  (e.g.,  Ga  vacancies  [21])  in  the  GaN  buffer 
layer  and  the  epilayer.  The  decrease  in  intensity  of  the 
yellow  band  in  sample  C  prior  to  annealing  is  attributed  to 
the  enhanced  Mn  incorporation;  this  is  in  good  agreement 
with  previous  reports  [16,  17].  The  transmission  experiments 
(not  shown  here)  revealed  for  the  thick  sample  C  an  increase 
of  detected  light  below  2.7  eV  and  a  very  weak  absorption 
signal  around  1.75  eV.  The  latter  is  tentatively  assigned  to  the 
emission  of  holes  from  the  neutral  Mn3+  acceptor  state  [22]. 
The  increase  in  the  transmission  signal  below  2.7  eV  is  in 
good  agreement  with  the  observed  PL  band  around  3.0  eV  and 
suggests  resonant  absorption  by  Mn-related  states  [7].  For  the 
implanted  samples,  the  blue  luminescence  band  is  still  visible 
in  the  implanted  p-GaN  sample,  whereas  the  most  prevalent 
feature  in  the  implanted  undoped  sample  is  a  broad  emission 
band  near  the  yellow,  as  seen  in  the  annealed  sample.  As 
shown  below,  there  is  a  correlation  between  the  presence  of 
these  emission  bands  and  the  strength  of  the  magnetic  signal. 

The  macroscopic  magnetization  behaviour  of  the 
films  was  determined  by  temperature-dependent  SQUID 
magnetometry  on  undoped  and  Mn-doped  samples  from  5  K 
to  300  K.  A  perspicuous  magnetic  hysteresis  was  obtained 
in  samples  C  and  E,  providing  a  clear  evidence  for  the 
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Figure  4.  Room  temperature  hysteresis  loop  as  measured  in 
Ga!_A-MnvN  samples  C  {x  =  0.01)  and  E  (x  =  0.015)  grown  by 
metalorganic  chemical  vapour  deposition.  The  inset  shows  zero 
field  cooled  and  field  cooled  magnetization  curves  for  sample  C 
taken  at  100  Oe. 

room  temperature  ferromagnetic  properties  shown  in  figure  4. 
A  coercivity  of  70  Oe  and  saturation  magnetization  of 
11.6  emu  cm-3  is  observed  in  sample  C  at  300  K.  This 
magnetization  value  results  in  a  magnetic  contribution  per 
Mn  atom  of  approximately  2.9  p which  is  similar  to  values 
observed  in  high-quality  lightly  doped  Gai_AMnAN  produced 
by  other  methods  [23,  24].  As  doping  increases,  the  magnetic 
signature  per  Mn  atom  decreases  (to  1.3  /zB/Mn  in  sample 
E)  due  to  the  formation  of  Mn-related  compensating  defects, 
as  has  been  previously  observed  in  Gai MnvAs  [25].  Note 
that  ferromagnetism  was  achieved  despite  both  the  Mn  and 
free  hole  concentration  being  far  lower  than  that  required  by 
the  mean-field  theory  [1],  The  temperature  dependence  of  the 
zero-field  cooled  and  field  cooled  curves  (shown  in  the  inset  of 
figure  4)  indicates  that  the  Tq  of  the  magnetic  phase  is  well 
above  room  temperature.  A  comparison  of  the  zero  field 
cooled  and  field  cooled  magnetization  plots  at  100  Oe  showed 
no  evidence  for  superparamagnetic  clusters  as  the  source  of  the 
observed  hysteresis.  Upon  annealing,  the  magnetic  signature 
decreases;  similarly,  a  stark  difference  in  magnetic  signature 
is  also  seen  between  p-type  and  intrinsic  GaN  layers  under 
the  same  implanting  and  annealing  conditions  as  reported 
elsewhere  [26].  It  appears  that  the  blue-band  luminescence 
seen  in  these  two  samples  is  related  to  this  state,  which 
results  in  stronger  ferromagnetic  behaviour  in  the  Gai_AMnvN 
system. 

Although  no  direct  evidence  of  metallic  GaMn-  or  MnN- 
clusters  was  observed  in  high-resolution  XRD,  the  presence 
of  small  ferromagnetic  clusters  or  additional  phases  could  not 
be  completely  ruled  out.  Small  size  or  small  volume  fraction 
or  an  orientation  along  non-c-axis  directions  would  suppress 
the  respective  signals.  Hence,  the  experimental  findings  do 
not  fully  preclude  the  existence  of  these  second  phases  below 
the  resolution  limit  of  the  XRD  instrument.  Based  on  the 
contribution  per  Mn  atom,  however,  this  is  unlikely  to  be  the 
sole  source  of  ferromagnetism.  In  addition,  the  cluster  model 
cannot  explain  differences  in  the  strength  of  the  magnetization 
with  annealing  or  in  the  p-type  and  n-type  implanted  samples. 
Formation  of  manganese  nitride  compounds  has  also  been  seen 


in  bulk  crystals  of  Gai_AMnAN  [15]  and  annealed  samples  of 
Mn-implanted  GaN  [27]. 

Hall  measurements  indicated  that  the  as-grown 
Gai_AMnvN  is  semi-insulating.  Co-doping  with  other  shallow 
dopants  or  acceptors  does  not  improve  the  conductivity 
significantly,  which  is  consistent  with  the  report  of  Mn  as 
a  deep  trap  [22].  A  different  origin  of  the  ferromagnetism  has 
to  be  considered  since  no  p-type  conductivity  was  observed, 
in  contradiction  to  predictions  of  prevailing  mean-field  DMS 
theories.  This  lack  of  agreement  with  the  DMS  mean-field 
theories  is  often  reported  for  ferromagnetism  in  the  III  nitrides. 
Alternately,  the  ferromagnetism  may  be  related  to  a  Mn-related 
impurity  band  within  the  bandgap  resulting  from  double 
exchange  as  also  be  suggested  via  density  functional  theory 
calculations  [28].  This  model  does  not  require  additional 
carriers,  and  predicts  elevated  (above  RT)  Curie  temperatures 
for  even  low  (2%)  Mn  concentrations.  Theoretical  predictions 
also  anticipate  large  Tq  values  for  MnN  clusters  in  the  nitride- 
based  materials  [3],  which  could  play  at  least  a  small  role  in 
these  samples.  The  elevated  growth  temperatures  in  MOCVD 
promote  enhanced  surface  and  bulk  diffusion  and  hence  may 
lead  to  more  Mn-Mn  and  Mn-N  interactions  than  in  samples 
produced  by  lower  growth- temperature  methods. 

4.  Conclusions 

Gai_AMnAN  has  been  grown  by  metalorganic  chemical  vapour 
deposition  with  lattice-level  incorporation  of  manganese.  The 
system  exhibits  magnetic  hysteresis  in  the  as-grown  material. 
Photoluminescence  measurements  indicate  the  presence  of 
Mn-related  defect  states  providing  transitions  near  3.0  eV.  This 
Mn-related  blue  band  luminescence  correlates  with  samples 
exhibiting  stronger  ferromagnetic  behaviour  in  both  implanted 
and  MOCVD-grown  samples.  Based  on  these  preliminary 
results,  MOCVD  is  likely  to  provide  a  method  for  future 
in  situ  integration  of  ferromagnetic  semiconductor  materials 
into  devices. 
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